Oil recovery by water flooding in fractured formations is often dependent on spontaneous imbibition. However, spontaneous imbibition is often insignificant in oil-wet, carbonate rocks. 
Introduction
Much oil remains in fractured, carbonate oil reservoirs after waterflooding and in some cases in paleo-transition zones, which result from the oil/water contact moving upward before discovery.
The high remaining oil saturation is due to a combination of poor sweep in fractured reservoirs and the formation being preferentially oil-wet during imbibition 1, 2 . (Imbibition is defined as the process of water displacing oil. Spontaneous imbibition is defined as imbibition that takes place by action of capillary pressure and/or buoyancy when a core sample or matrix block is surrounded by brine.) Poor sweep is not an issue in paleotransition zones but yet the remaining oil saturation may still be significant.
There are several reasons for high remaining oil saturation in fractured, oil-wet, carbonate formations. If the formation is preferentially oilwet, the matrix will retain oil by capillarity and high oil saturation transition zones will exist where the upward oil film flow path is interrupted by fractures. This is illustrated in Fig. 1 , which shows the oil retained by oil-wet capillaries of different radii. The height of the capillary retained oil column is proportional to the product of interfacial tension and cosine of the contact angle and is inversely proportional to the capillary radius. In oil-wet systems, oil is the phase contacting the rock surfaces, and surface trapping is likely to be particularly important in rocks with highly irregular surfaces and large surface areas 1 Application of surfactants to alter wettability and thus enhance spontaneous imbibition has been investigated by Austad, et al. [7] [8] [9] [10] [11] with chalk and dolomite cores. Chen, et al. 12 , investigated enhanced spontaneous imbibition with nonionic surfactants.
Spinler, et al. 13 , evaluated 46 surfactants for enhanced spontaneous imbibition in chalk formations. Standnes, et al. 11 and Chen, et al. 12 used either nonionic or cationic surfactant with a strategy to alter wettability but avoid ultra-low tensions. The work presented here differs from the previous work in that sodium carbonate and anionic surfactants are used to both alter wettability and reduce interfacial tension to ultra-low values. The primary recovery mechanism in this work is buoyancy or gravity drainage. Wettability alteration and ultra-low interfacial tensions are designed to minimize the oil retention mechanisms.
Crude Oil Samples
It is important to have a representative crude oil sample when designing an EOR process. Since the process is based on surface phenomena, it is important that the crude oil is free of surface-active materials such as emulsion breaker, scale inhibitor, The relaxation time distributions of the crude oil in the sandstones were identical to that of the bulk oil, indicating that the sandstones were water-wet.
However, the relaxation time distribution of the crude oil in the dolomite sample was shortened, indicating surface relaxation of the oil. This occurs due to oil making contact with the pore walls.
Thus, this is evidence of oil wetting the pore walls in the dolomite sample.
The wettability of the MY3 crude oil was evaluated by measuring the water advancing contact angle on calcite (marble) plates. The plates were solvent cleaned, polished on a diamond lap to remove the surface layer, aged in 0.1 M NaCl brine overnight, and aged in the crude oil for 24 hours, either at room temperature or 80° C. The reservoir is close to room temperature but elevated temperature aging was used to compensate the short aging time compared to geological time.
Photographs of an oil drop in brine on the upper calcite surface after all motion had stopped are shown in Fig. 6 . It is clear that the water advancing contact angle is near 180°, i.e., it is oil-wet. It should be noted that MY3 aged for only 5-10 minutes, shown earlier in Fig. 5 , had an advancing contact angle of only 50°. These results demonstrate the importance of aging time on wettability.
One of the most important factors in the determination of the wettability of crude oil-brinemineral systems is the electrical or zeta potential of the crude oil/brine interface and of the mineral/brine interface [21] [22] [23] . The zeta potentials of these interfaces as a function of pH are shown in Fig. 7 . The zeta potential of the MY1 crude oil is negative for pH greater than 3. This is due to the dissociation of the naphthenic acids in the crude oil with increasing pH. The surface of calcite [24] [25] [26] [27] [28] [29] [30] [31] is positive for pH less than 9 when the only electrolytes are 0.02 M NaCl and NaOH or HCl to adjust pH. The opposite charge between the oil/brine and mineral/brine surfaces results in an electrostatic attraction between the two interfaces, which tend to collapse the brine film and bring the oil in direct contact with the mineral surface. Thus this system can be expected to be non-water-wet around neutral pH 32, 33 . However, this figure also shows that the zeta potential of calcite is negative even to neutral pH when the brine is 0. 
Surfactant Formulations
It was mentioned earlier that nonionic and cationic surfactants have been previously evaluated for wettability alteration in carbonate formations [5] [6] [7] [8] [9] [10] [11] [12] [13] .
This investigation focuses on the use of anionic surfactants and sodium carbonate. It builds on the previous understanding developed for alkaline surfactant flooding 36, 37 . Also, this technology has found many applications during the past decade when it was commonly thought that surfactant flooding was not economical because of the expense of the surfactant [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] .
There are a number of reasons for choosing sodium carbonate as the alkali. We mentioned earlier that the carbonate/bicarbonate ion is a potential determining ion for carbonate minerals and thus is able to impart a negative zeta potential to the calcite/brine interface, even at neutral pH. A negative zeta potential is expected to promote water-wetness. Other reasons for choosing sodium carbonate include:
• The moderately high pH generates natural surfactants from the naphthenic acids in the crude oil by in situ saponification;
• Sodium carbonate suppresses calcium ion concentration;
• Sodium carbonate reduces the extent of ion Table 2 . CS-330 is similar to NEODOL 25-3S, used previously 36 . The propoxylated surfactants are calcium tolerant such that CaCl 2 has been used as the electrolyte to achieve optimal salinity 63 .
The phase behavior of the MY3 crude oil with alkaline surfactant solutions as a function of .
Mixing with formation brine
Mixing with formation brine has always been an important issue with surfactant flooding, but new considerations are needed because of the presence of sodium carbonate. Hard water cannot be used to prepare the solutions for injection because of precipitation of CaCO 3 . Also, premature production of injected fluids should be minimized to avoid production well scaling and produced emulsions. Table 3 . There was no further extraction or cleaning of the cores. The composition of the formation brine is in Table 4 .
The ( )
The fractional recovery is expressed as a fraction of recoverable oil, assuming that the remaining oil saturation at the last measured point in Fig. 27 However, the remaining oil saturation (ROS)
appears to be a function of permeability or initial oil saturation, Table 3 . More investigation is needed to determine if permeability or initial oil saturation is indeed the responsible parameter and if so, why.
The surfactant and alkali system needs to be optimized to minimize the remaining oil saturation.
The hypothesis that the recovery was dominated by capillary imbibition was examined by plotting the oil recovery as a function of dimensionless time for recovery by spontaneous capillary imbibition 66 in Fig. 29 . 
Future work
The work to date has been to identify the important factors affecting enhanced recovery with alkaline surfactant solution rather than to optimize the system. A practical system will have only enough One alkaline surfactant system shown here altered a calcite plate that was aged at room temperature to preferentially water-wet conditions.
However, the system that was aged at 80° C only altered to intermediate-wet (~90° contact angle).
The mechanisms governing the wettability alteration 57,68 and methods to make the elevated aging temperature system more water-wet will be sought.
The long-term stability of surfactant formulations at the condition of application should be evaluated. Talley 69 shows that ethoxylated sulfates, as those shown here are unstable at low pH and high temperatures. They were more stable at neutral and high pH provided a significant concentration of calcium ions was not present. 
Conclusions

Crude oils used for interfacial research
should be screened for contamination.
Crude oil/brine interfacial tension less than 10 mN/m is an indication of contamination.
2. Calcite, which is normally positively charged at neutral pH, can be made negatively charged through the presence of NaHCO 3 /Na 2 CO 3 in the brine. Fig. 1 The height of the retained oil in oil-wet matrix pores is a function of the pore radius, interfacial tension, and contact angle. Aged at room temperature 1mm 1mm 1mm • Large contact angle on marble in 0.1M NaCl 
